the role of both splicing factors in peripheral nerve formation.
They Are Not Too Excited: The Possible Role of Adult-Born Neurons in Epilepsy
In a new study in this issue of Neuron, Jakubs and colleagues report that adult-generated hippocampal granule cells develop particular functional properties when their birth is induced by epileptic seizures. The new neurons showed reduced excitatory synaptic input and decreased excitability. Their functional integration was thus adjusted to the prevailing functional state in the network. By this means, adult neurogenesis might contribute to network homeostasis in the epileptic temporal lobe.
When adult hippocampal neurogenesis, which had first been described in 1965, was rediscovered in the early 1990s in the context of neural stem cell biology, even the earliest reports that linked neurogenesis to aspects of brain function noted that adult neurogenesis appeared to respond to ''brain activity.'' Examples included the dependency of adult hippocampal neurogenesis on excitatory input to the neurogenic region in the dentate gyrus (Gould, 1994) , the response of neurogenesis to behavioral activity and experience (van Praag et al., 2000) , and the upregulation of neurogenesis by experimental seizures (Parent, 2002) .
Today we know that adult neurogenesis is quite directly influenced by neuronal activity, and presumably this control is exerted on several stages of neuronal development. Even ex vivo precursor cells can sense neuronal activity and translate it into a signal to initiate neuronal development (Deisseroth et al., 2004) . Early GABAergic input to the newborn cells further drives their maturation until full integration into the neuronal network is accomplished (Tozuka et al., 2005) .
Excitatory input from entorhinal cortex into the dentate gyrus, where adult neurogenesis occurs, was found to keep adult neurogenesis at a low level, while loss of glutamatergic input increased neurogenesis (Gould, 1994) . This excitation-dependent suppression is thought to be NMDA-receptor-dependent, although a few open questions remain. Given this observation, it seemed at first surprising that the pan-synaptic activation of other non-NMDA glutamate receptors, notably kainate-sensitive receptors, dramatically upregulated adult hippocampal neurogenesis, and numerous other seizure models essentially showed the same result (Parent, 2002) . For the physiologic net effect of glutamate on adult neurogenesis, the balanced action of different glutamate receptor subtypes seems to be required. Seizures quite generally increase adult neurogenesis and do so by several mechanisms (Figure 1 ). The obvious question was whether this response was another indication of pathology or sign of an endogenous regenerative response.
One of the two independent studies (Bengzon et al., 1997; Parent et al., 1997) that had first reported the induction of adult neurogenesis by seizures came from the groups of Olle Lindvall and Merab and Zaal Kokaia at the Wallenberg Centre in Lund, Sweden. This same group has now added a new important step to this research by demonstrating how the new neurons themselves might actually function in the pathological situation.
In their report, published in this issue of Neuron, Jakubs et al. show that new granule cells that are formed in the pathological context of seizures show certain electrophysiological properties different from those produced under a physiological upregulation (i.e., voluntary wheel running) (Jakubs et al., 2006) . New neurons were labeled with a GFP-expressing retrovirus and analyzed by patch-clamp recording. New neurons produced under seizure conditions showed reduced excitability, although the cells matured into functional granule cells that were by other standards indistinguishable from physiologically produced neurons. But they received increased inhibitory and reduced excitatory synaptic input, suggesting a key role of the local network environment in determining the functional status of the developing new neurons. Hippocampal neurons tend to keep a homeostasis in overall network activity; the new result is that the newborn neurons take part in this process. The authors speculate that seizure-induced neurogenesis might serve a function in compensating for the pathological activity that is part of the ictogenic process. Therefore, adult neurogenesis might even have a therapeutic potential in this context. This might well be, but the key insight from this study is rather fundamental: functional maturation and integration of adult-born hippocampal neurons is specifically influenced by the local microenvironment. Because seizures affect the entire hippocampus, the new neurons grow into an altered network environment. Whether the contribution of the new neurons, if seen in the context of the entire network, really amounts to a compensatory net effect remains to be seen and will require the inclusion of network modeling studies.
One might of course ask whether the reduced synaptic activity in the newborn cells might rather reflect a deficiency (in that the environment just cannot provide the adequate synaptic input to foster normal functional integration and maturity) than a specific compensatory action. The new neurons might also just flow with the tide of general network homeostasis under seizures. The interesting fact, however, is that this pessimistic view would somehow miss the point. The new neurons do function quite normally, and their ''deficiency,'' if it is one, goes exactly in the balancing direction. The finding alone that new neurons in seizure environments are not hyperexcitable, but actually reduced in their synaptic activity, would have justified a noticeable report. The potentially balancing action of the new neurons in a hyperexcited network makes the findings even more compelling.
Still, what are the medical implications of this observation? Epilepsy is the disease state resulting from the occurrence of seizures. Clinically, single seizures do not justify the classification of a condition as epilepsy. Most animal models of epilepsy, though, are actually models of seizures and, strictly speaking, do not represent an analog to human temporal lobe epilepsy. But because seizures might ultimately constitute epilepsy, the reductionist approach is meaningful and useful. Problems might nevertheless occur when specific comparisons between the animal model and the clinical condition in humans are attempted.
The key question in the context of a possible link between adult hippocampal neurogenesis and epilepsy is whether epilepsy is cause, consequence, or mere byproduct of a seizure-related disturbance of adult neurogenesis. That an association between seizures and neurogenesis exists has been proven beyond doubt by many groups. The nature of the relationship between this mechanistic fact and the disease state is far less clear.
Within this complex context, the report by Jakubs and colleagues cannot (and does not attempt to) give a comprehensive answer to the question of which role adultborn neurons play in epilepsy. Frotscher, Haas, and colleagues have made the point that only a few seizure models in rodents actually mimic characteristic pathological features found in human temporal lobe epilepsy (e.g., Heinrich et al., 2006) . Choice of the mode of seizure Seizure activity affects various developmental stages within adult neurogenesis. These consequences range from effects on cell proliferation of different types of precursor cells (Huttmann et al., 2003; Jessberger et al., 2005) to migration defects leading to ectopically positioned new granule cells (Scharfman et al., 2000) . Integration of the new cells is altered, too. The new neurons might show abnormal growth of basal dendrites (Shapiro et al., 2005) . But their functional integration is sped up (Overstreet-Wadiche et al., 2006) . The new study by Jakubs and colleagues adds to this picture that the newborn cells receive reduced synaptic input and show reduced, not increased, excitability (Jakubs et al., 2006) . This observation suggests that the new neurons appear to adjust their functional status to their local network environment. They might thus help to compensate for pathological excitation in epileptic seizures.
induction, severity of the seizures, time course of the experiment, and several other variables have a strong influence on the results and prevent easily generalizable conclusions from different studies. In addition, strain and species differences abound: some mouse strains do not show hippocampal cell death under seizures, whereas others do. In rats, prominent sprouting of basal dendrites has been observed, but this appears to be absent in mice (Plumpe et al., 2006; Shapiro et al., 2005) . In some models, but not others, ectopic granule cells show up in the hilar region (Scharfman et al., 2000) . Finally, the question remains disputable of whether or not proliferation of hippocampal precursor cells in the adult produces granule cell dispersion, one of the morphological hallmarks of temporal lobe epilepsy, or if this widening of the granule cell layer is a preceding malformation that predisposes for seizures (Heinrich et al., 2006; Jessberger et al., 2005; Parent et al., 2006) . Similarly, the present study stands in some discrepancy to findings reported by Overstreet-Wadiche and colleagues, who found that the functional maturation of new neurons was accelerated under seizure conditions and resulted in persistent hyperexcitability (Overstreet-Wadiche et al., 2006 ). Scharfman and colleagues had been the first to show that ectopic hippocampal neurons generated in a seizure model might behave strangely in that despite their abnormal location near CA3, they fire with dentate granule cells (Scharfman et al., 2000) . Morphological evidence has also suggested that seizure-induced neurogenesis might contribute to pathology rather than regeneration (Parent et al., 2006) and that prolonged seizures might actually damage the potential for adult neurogenesis (Kralic et al., 2005) . Such apparent contradictions cannot be easily resolved. They indicate that we are dealing with a highly complex matter. A unifying theory of adult neurogenesis and epilepsy remains a long-term goal.
But the new report adds a new twist to the issue. Neither a possible contribution to pathology nor a possible contribution to regeneration is the key issue here. Rather, the new neurons appear to adjust their physiological role within the neuronal network to accommodate the pathological situation of hypersynchronization and hyperexcitability that threatens the physiologic balance of network stability and plasticity. Such fundamental insight does not explain epilepsy, but it tells a lot about adult hippocampal neurogenesis and its sophisticated activity-dependent regulation. 
